A long range corrected range separated hybrid functional is developed based on the density matrix expansion (DME) based semilocal exchange hole with Lee-Yang-Parr (LYP) correlation. An extensive study involving the proposed range separated hybrid for thermodynamic as well as properties related to the fractional occupation number is compared with different BECKE88 family semilocal, hybrid and range separated hybrids. It has been observed that using Kohn-Sham kinetic energy dependent exchange hole several properties related to the fractional occupation number can be improved without hindering the thermochemical accuracy. The newly constructed range separated hybrid accurately describe the hydrogen and non-hydrogen reaction barrier heights. The present range separated functional has been constructed using full semilocal meta-GGA type exchange hole having exact properties related to exchange hole therefore, it has a strong physical basis.
I. INTRODUCTION

Density functional theory (DFT)
1-3 is de-facto the standard many-body formalism to calculate the electronic and structural properties of atoms, molecules, and solids from small to large scale. It is an exact theory only if the exchange-correlation (XC) energy functional, which contains all the crucial many body effects are known exactly. But, practically, Kohn-Sham (KS) formalism uses approximate XC functional because the exact form of XC functionals is unknown. In DFT there is mainly two class of approximations that have been used widely. One is semilocal formalism and other is the hybrid functional theory . All these approximations are classified through the Jacob's Ladder approximations, which arranges all the XC according to their complexity and accuracy. The first three rungs of the Jacob's ladder are recognized as the local density approximation (LDA) 27, 28 , generalized gradient approximation (GGA) 10, 29, 30 and meta-generalized gradient approximation (meta-GGA) 16, 17, 20, 22 . The GGAs and meta-GGAs are extensively used due to their low computational cost and accuracy in chemistry and condensed matter physics. [31] [32] [33] [34] . All these semilocal functional are computationally very cheap because they involve density (ρ), gradient of density (∇ρ) and KohnSham kinetic energy density (τ = 1 2 occ i |∇ψ i | 2 ) as their ingredients. Semilocal functionals achieve remarkable accuracy in describing atomization energies [35] [36] [37] [38] approximations of exchange hole they drastically failed in few cases especially in describing excited state properties such as band gap, excitation energies, reaction barrier heights 47 , Rydberg excitation, the stability of anions and dissociation curve 48, 49 .
The source of errors in describing all the above phenomena accurately within semilocal formalism can be understood as the lack of many electron self-interaction (MESI) [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . It has been observed that semilocal functional accurately describe the total energy at integer particle numbers but due to the lack of self-interaction error (SIE) they deviate from exact curve at fractional occupation number 47, 49, 54, 56 . Unlike Hartree-Fock (HF), in semilocal functionals, the exchange energy only partially get canceled by the coulomb interaction for one electron. However, it is observed that the problem of MESI can be abated by mixing part of HF with semilocal functionals. All these are known as the hybrids functional 8, 9, 13, 14, 35, 48, [56] [57] [58] [59] [60] [61] [62] [63] [64] , which mix the HF either in globally (hybrids) 9, 13, 35 or only in some portion either in long range or in short range (range separated hybrids) 48, 56, 57, 59, 60, 64 . The essence of mixing HF with the semilocal was first realized by Becke 9 . Among the hybrids the most popular one B3LYP 9 , PBE0 13 , LC-ωPBE 60 , HSE06 57 . All the range separated functions use HF in the long range to improve the asymptotic correction of potential. Only, exceptional is HSE06, which uses HF in its short range. The HSE06 has been designed from solid state properties point of view as solids have no asymptotic tail and, it has been observed that using HF in the short range reduces the computational cost of calculation. The HSE06 is very popular in describing solid state band gap. Whereas, LC-ωPBE very popular in predicting reaction barrier height. Among Others functionals, the CAM-B3LYP are long range corrected and remarkably accurate in describing dissociation curve and reaction barrier heights over the B3LYP hybrid. The CAM-B3LYP 59 are obtained from the thermochemical point of view, which uses B88 exchange with both LeeYang-Parr (LYP) 6 and Vosko-Wilk-Nusair (VWN) 27 correlation. Later, it has been observed that further modifications over CAM-B3LYP can be done by tuning the parameters so that the fractional energy curve may be made close to that of exact one 48 . Removing MESI improve many properties especially dissociation limit and reaction barrier. Not only that, very recently, further modification over CAM-B3LYP has been attempted 56 using Bartlett's ionization potential (IP) theorem [65] [66] [67] . One way or other there have been several ways to fix the parameter involved in the range separately functionals. The modified functionals obtained by using Bartlett's ionization potential (IP) theorem coupled with CAM-B3LYP are known as CAM-QTP00 and CAM-QTP01, which are the possible modifications within the CAM-B3LYP functionals.
The range separated functional is constructed by dividing the Coulomb operator into short range and long range part by combining with error function. The semilocal short range part of exchange are constructed by combining error function with the semilocal exchange hole. In the range separation functionals, the range separation is involved only in the exchange part. Whereas, there is no range separation involved in correlation part because correlation is essential for both short range and long range. All B88 family range separated functionals (LC-BLYP,CAM-B3LYP, rCAM-B3LYP, CAM-QTP00 and CAM-QTP01) are constructed using LDA exchange hole where the inhomogeneity is taken care by passing it into the Thomas-Fermi wave vector as prescribed in 68, 69 . Beyond te LDA exchange hole Tao-Mo 22 recently developed density matrix expansion (DME) based semilocal exchange hole, which satisfy some exact constraint like (i) recovering uniform density limit, (ii)correct small u expansion and (iii) large u diverges. All these properties coupled with the inhomogeneity included in the k vector through the normalization of exchange hole establish its superiority over all other previously proposed exchange hole. In this paper, the DME based exchange hole has been used as a range-separated hybrid by suitably mixing HF exchange with the semilocal meta-GGA type DME exchange hole. The present attempt is to study the thermodynamic properties, the role of fractional occupation number on an atom, dissociation curve and fractional occupation number on dissociation limit of our DME based range separated functional. All those properties are compared with B88 family semilocal (BLYP), hybrid (B3LYP) and range separated hybrid functionals (LC-BLYP, CAM-B3LYP, rCAM-B3LYP, CAM-QTP00 and CAM-QTP01). The main reason to choose only B88 family because our DME based range separated functional also use LYP correlation and exchange part is derived from spherical averaged exchange hole instead of reversed engineered of system averaged exchange hole 70, 71 . System averaged exchange hole was used in LC-ωPBE and HSE06 hybrids. Also, we observed that using TM proposed meta-GGA correlation 22 with our DME exchange hole based range separated functional not producing satisfactory results. Our present paper is organized as follows: in the next section, we will briefly discuss the range separated functionals beyond the B3LYP hybrid functional, then we will discuss the construction of our functional. After that extensive study of our function for thermodynamic properties and properties related to the fractional occupation numbers will be studied. Lastly, a comparison between hybrids and range-separated hybrids are discussed.
II. RANGE SEPARATED FUNCTIONALS BEYOND B3LYP HYBRID
The KS DFT ground state total energy is a unique functional of density and given by,
where
is the Hartree energy and E xc [ρ σ ] be the exchangecorrelation functional, which has to be approximated within or beyond semilocal form. The total density ρ(r) is the sum of spin polarized densities so that,
Upon taking the functional derivative of Eq.(1), one arrives at the single particle KS equation,
and ǫ i,σ is the KS orbital energy (or, KS eigenvalues).
The main challenge of KS DFT is to design the XC functionals. Semilocal functionals are designed to compensate both the accuracy and computational cost. Beyond LDA (which is the lowest rung of Jacob's Ladder), GGA and meta-GGAs are also proposed with increased accuracy. On the 4 th rung of Jacob's Ladder, there are Hybrid functionals, which solves many density functionals problems that are not achievable within semilocal density functional approximations (DFA). Hybrid functionals are proposed by mixing some portion of density functional approximations (DFA) with non-local HF. One of the most popular Hybrid functional is B3LYP. It accurately describes the thermochemical properties. Hybrid functionals use HF exchange without considering any range separation. In spite of its grand success, it is failed to accurately describe dissociation curve, reaction barriers heights and properties associated with fractional occupation numbers. It has been shown that B3LYP is over delocalized in case of fractional occupation number and wrongly predicts the dissociation curve. Therefore, it is a great challenge to describe thermochemical properties as well as describe the problems related to fractional occupation numbers on an equal footing. The search for better functional than B3LYP is therefore always been an intriguing research field. The factional charge perspective can be understood from Janak's theorem 72 ,
It has been proved from the generalized Kohn-Sham formalism (GKS) 74 that for a fixed configuration (potential), the energy is stationary w.r.t the potential, only the frontier level occupation n i=f able to change (δn i=f = q). Hence,
where n f = n LUMO if we fill up the highest unoccupied orbital (q > 0) and n f = n HOMO if we remove particles from the highest occupied orbital (q < 0). The seminal work of Perdew et. al. 55 shows that energy is piecewise linear in between addition of removing the fractional number of electrons. If one adds fraction of particle q to the ground state then energy becomes,
It has been observed that all semilocal density functional approximations (DFA) failed to achieve the piecewise linearity and predicts wrong energy for fractional occupation number and are highly delocalize. Whereas, HF is highly localized due to the lack of correlation. This affects thermochemical phenomena like barrier heights, dissociation limit, Rydberg and charge transfer phenomena.
Deviation of linearity for fractional charge also observed in the case of B3LYP hybrid, though it is a mixer of DFA (highly delocalized) and HF (highly localized). On the next level of B3LYP hybrid functional, it is proposed to improve the properties related to fractional occupation number by using the long range corrected hybrid functional like CAM-B3LYP, LC-BLYP, rCAM-B3LYP, CAM-QTP00, CAM-QTP01. The general form of long range corrected B3LYP family hybrid is given by,
The range separated parameters µ along with α, β enter into the error function in the following way,
In B88 family range separated hybrids HF is used in LR part whereas DFA is used in SR part. The range separated parameter µ, α and β control the amount of shortrange DFA and long-range HF Exchange. As r 12 → 0, the HF exchange fraction is α, while the DFA exchange fraction is (1 − α). As r 12 → ∞, the HF exchange fraction approaches α + β and the DFA exchange fraction approaches (1 − α − β).
III. RANGE SEPERATED HYBRID WITH SEMILOCAL EXCHANGE HOLE
Now we will propose a meta-GGA level range separated hybrid using recently proposed semilocal exchange hole 22 . The exchange hole is localized through the generalized coordinate transformation and normalized by passing inhomogeneity parameter through ThomasFermi wave vector. Using the semilocal form of exchange hole the short range part of the present range separated hybrid can be found from the following equation,
where ρ TM x (r, r + u) is the DME exchange hole proposed by Tao-Mo 22 . Thus substituting TM DME exchange hole in Eq.(12), the short range part of semilocal exchange energy becomes 73 , Histograms of mean absolute error of different functionals using (a) atomization energy of G2-148 molecules, (b) 11 isomerization energies of large molecules, (c) 21 ionization potentials, (d) 13 electron affinities (e) 8 proton affinities, (f) 12 alkali bond dissociation energies, (g) 11 hydrocarbon chemistry, (h) 13 thermochemistry of π systems, (i) 76 (non)hydrogen transfers barrier heights, (j) 31 noncovalent complexion energies. 6-311++(3df,3pd) basis set is used for all the calculations.
. This is the short range part of our current range separated hybrid and for long range we have used HF. In TA-BLE I we presented the range separated parameters and exchange and correlation for different range separated hybrids according to Eq.(10) and Eq. (11) . From TABLE I it is clear that the present range separated functional use only LYP correlation with the DME based short range corrected exchange energy. We named our functional as DME-RS as it is density matrix expansion based range separated functional. Combining all the SR and LR part our DME-RS hybrid exchange correlation functional,
In our case, we fixed the λ and β value as it is pescribed in TM functional 22 i.e., λ = 0.6866 and β = 79.873.
IV. RESULTS AND DISCUSSION
The newly developed DME-RS functional is implemented in version 6.6 of NWChem 75 code. The basis set used for different calculations are indicated with the test set we used in our calculations.
A. Thermochemical properties
We used Minnesota 2.0 data set 32 for thermochemical tests. Only for atomization energy we used G2/148 molecular test set [76] [77] [78] , where all the geometries are optimized by MP2 level. More specifically, We heve considered following Thermochemical tests: (i) G2/148 -atomization energy of 148 molecules , (ii) IsoL6/11 -11 isomerization energies of large molecules, (iii) IP21 -21 ionization potentials, (iv) EA13/03 -13 electron affinities, (v) PA8/06 -8 proton affinities, (vi) ABDE12 -12 alkyl bond dissociation energies, (vii) HC7/11 -11 hydrocarbon chemistry, (viii) πTC13 -13 thermochemistry of π systems, (ix) HTBH38/08 -38 hydrogen transfers barrier heights, (x) NHTBH38/08 -38 non-hydrogen transfers barrier heights, (xi) NCCE31/05 -31 noncovalent complexion energies, (xii) DC9/12 -9 difficult cases. All calculations are performed using 6-311++(3df,3pd) basis set. The performance of our DME-RS along with all other functionals for thermochemical test set are summarized in TABLE II, where we have given the mean absolute errors (MAE) of each test set.
From TABLE II it is evident that B3LYP and CAM-B3LYP are producing equivalence MAE for atomization energies. It is not surprising because both the B3LYP and CAM-B3LYP are parametrized to reduce the MAE of atomization energy. Third best is our DME-RS functional. We obtain MAE of 5.09 Kcal/mol using our DME-RS functional. The rCAM-B3LYP has greater MAE compared to our DME-RS functional. The QTP functionals all have greater MAE than rCAM-B3LYP in atomization point of view. The BLYP and LC-BLYP are far away from the accuracy. Next, we have computed the isomerization energies of 11 large molecules and observed that LC-BLYP has least MAE and next best is our DME-RS. In case of ionization potential of 21 test set, DME-RS is superior to other functional with MAE 3.92 Kcal/mol. For the electron affinities of 13 test set rCAM-B3LYP is superior to other functionals. In this case the MAE of DME-RS is 2.97 Kcal/mol. In case of PA, our parametrized DME-RS gives almost equivalent results with that of B3LYP. Among QTP functionals, QTP-00 has less MAE than rCAM-B3LYP. For the set of 12 alkyl bond dissociation energies (ABDE), CAM-QTP01 is most accurate one. The MAE of DME-RS is almost equivalence to that of B3LYP. In the case of HC7/11, both CAM-B3LYP and DME-RS outperformed other functionals. In the case of 13 thermochemistry of π systems, rCAM-B3LYP is the best performer. The MAE of our DME-RS is less than that of B3LYP in this case. For hydrogen and non-hydrogen reaction barrier benchmarks, our DME-RS outperformed all other range sepa- rated, hybrid and semilocal functionals. It is well known that B3LYP is not a good candidate for reaction barrier, though the performance of its atomization energy is best compared to other functionals. Because errors in the reaction barriers mainly occur due to the problem of selfinteraction error in the transition state. The DME-RS short range corrected functional combined with LYP reduces the self-interaction error compared to B3LYP and CAM-B3LYP (discussed later). Actually, the inclusion of KS-KE density makes our functional very good performer than all other GGA based functionals. That is why meta-GGAs are treated as the most advanced functionals in semilocal level also due to its energy ingredients are more accurate than GGAs. For the NCCE31 test set DME-RS and CAM-QTP00 equivalently give the same MAE, which is the best among all other functionals. For DC9 test set, DME-RS is the second best performer after CAM-B3LYP.
B. Fraction occupation number in an atom
Studying fractional occupation number in an atom is important from the different physical point of view as it is directly related to the solid state properties involving band gap. There are several literature that have considered this phenomena [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . Here, we consider the C atom to demonstrate the deviation of range separated functionals from exact straight line behavior.
In Fig-(3) we demonstrated the behavior of our functional along with all other B88 family functionals. The C atom is neutral at atomic number 6. We varied total particle number from 5 to 7 in steps 0.05 (q). In between 5 ≤ N < 6 the exact behavior is obtained from the experimental ionization potential (IP) data, whereas, in between 6 < N ≤ 7 it is obtained from the experimental electron affinity (EA). Thus the exact straight line behaviors are just experimental IP and EA. The only semilocal function we have used for comparison is BLYP functional. Semilocal functional has inherent delocalization error, which delocalized both HOMO and LUMO from its exact behavior. HF has a tendency to overlocalize the HOMO and LUMO. Therefore, the inclusion of HF exchange with semilocal form actually compensates both the localization and delocalization error. Most impressive error minimization is observed for rCAM-B3LYP, DME-RS, LC-BLYP, CAM-QTP00 and CAM-QTP01. The LC-BLYP is long range corrected version of BLYP. As expected, it minimizes the delocalization error due to the inclusion of HF exchange. The CAM-BLYP also shows significant delocalization error but less than B3LYP. The CAM-B3LYP shows more delocalization in between 6 ≤ N ≤ 7. In this region larger delocalization means unstable C − anion. The rCAM-B3LYP improves upon CAM-B3LYP because it has been parametrized to reduce the error of delocalization of CAM-BLYP. In C + (cation) rCAM-B3LYP, CAM-QTP00, and CAM-QTP01 match exactly with the exact straight line. In this case our meta-GGA range separated DME functional slightly deviates from rCAM-B3LYP, CAM-QTP00, and CAM-QTP01. Interestingly, we obtain almost exact straight line behavior of DME- RS in the range of 6 < N ≤ 7, where slight over localization is observed for rCAM-B3LYP and CAM-QTP00 and slight delocalization observed in case of CAM-QTP01. Our meta-GGA DME-RS dme functional therefore superior in case of describing the stability of C − anion. In  Fig-(3b) and Fig-(3c) , we have shown the deviation of different functionals from exact piecewise linear behavior for C atom in the range −1 ≤ q ≤ 0 and 0 ≤ q ≤ 1. Here, we have calculated ∆E by using following formula:
Comparison are shown among those functionals which are close to exact one. From Fig-(3b) and Fig-(3c) , it is clear that in −1 ≤ q ≤ 0 rCAM-B3LYP closer to the exact one and in 0 ≤ q ≤ 1 rCAM-B3LYP and CAM-QTP00 has a tendency to slightly over delocalize, whereas CAM-QTP01 and DME-RS are more close to exact one. The stability of C + cations and C − anions also reflects in Fig-(4) , where we have shown the energy of highest occupied energy by changing the occupation number. The BLYP and B3LYP show positive ε HO value, which is an artifact of the instability of C − anion for those functionals. For 5 ≤ N ≤ 6 all the hybrid functionals deviate more or less from exact linearity of -IP. In 6 ≤ N ≤ 7, DME-RS shows almost linear dependence of total energy on N, predicts accurate total energy of C atoms and its anions. The CAM-QTP00 and CAM-QTP01 functionals show similar behavior as obtained by rCAM-B3LYP. Generally speaking, our meta-GGA range separated hybrid predicts very well the orbital energy and almost shows linear behavior, though it is not designed to optimize the error of delocalization. The semilocal exchange hole used here has unique property that was previously missed in rest of the range separated hybrid. Therefore, though it is not designed for reducing the delocalization error, it shows some inherent localization due to the fact that its obtain from the localized exchange hole. Now, restoring back to the Janak's theorem 72 , which tells us that variation of the total energy w.r.t the occupation is equal to the eigenvalue of that orbital. From this theorem, it can be proved that the variation of total energy w.r.t the total number of particles is equal to the HOMO eigenvalue as we consider variation of the particle number of frontier orbital only, which is either HOMO or LUMO orbital. Therefore, during the occupation number variation of frontier orbital, (16) or,
Hence, during the variation of the occupation, energy should fix at ε HOMO for −1 ≤ q < 0 and ε LUMO for 0 < q ≤ 1. In Fig-(4) , we compared the performance of our DME-RS with all the semilocal, hybrids and range separated hybrids constructed from B88 family for C atom. In the range −1 ≤ q < 0 all the hybrid functionals deviate less or more from exact linearity of -IP. Whereas, in the range of 0 < q ≤ 1 DME-RS shows almost linear dependence of total energy on N. The CAM-QTP00 and CAM-QTP01 functionals show similar behavior as obtained by rCAM-B3LYP. For better physical insight we compared the HOMO and LUMO energy values with IP and EA obtained from different functionals. In TABLE III, we compared the performance of different functionals for C, Li and Ne atoms.
As it is known from exact DFT the highest occupied and lowest unoccupied KS energy eigenvalue are equal to the -IP and -EA. We have tested this fact for all the B88 family functionals along with our meta-GGA range separated functionals. Among all functionals, CAM-QTP01 quite closely obtain ε LUMO =-EA (experimental). The CAM-QTP00 is the next functional which obtain the LUMO eigenvalue close to the experimental -EA. The rCAM-B3LYP and DME-RS produce almost equivalent LUMO eigenvalue energy. Whereas, all other functional overestimated the LUMO. In case of HOMO eigenvalue and -IP, we obtained good agreement with rCAM-B3LYP, which is also evident from the fractional occupation curve of Fig-(3) . Our DME-RS obtained almost equivalent results with CAM-QTP01 and CAM-QTP00 and behave similarly with rCAM-B3LYP. Though the DME-RS is not parametrized by satisfying ionization potential theorem or minimizing the error during fractional occupation number. But, it pre-dicts the KS eigenvalues with -IP and -EA quite accurately. As we know that getting accurately the HOMO-LUMO energy difference is important in the sense that different excited state properties in the molecular systems are directly connected to the orbital energy. Also, solid state band gap is connected to the orbital energies as −ε HOMO + ε LUMO = IP − EA = E g (fundamental band gap). Therefore, it is important to obtain HOMO-LUMO gap accurately. It is evident from the analysis of C, Li and Ne results that rCAM-B3LYP determines well with the HOMO-LUMO energy which is very close to the experimental IP-EA, because it is parametrized to reduce the error of the fractional occupation number. Next good comparison is found for CAM-QTP00. Both QTP functionals are designed by satisfying Berlett's IP theorem. In the case of Li, we found that DME-RS outperformed rCAM-B3LYP and CAM-QTP functionals in predicting HOMO-LUMO energy difference and its equivalence with the experimental IP-EA. Whereas, in the case of Ne, rCAM-B3LYP, CAM-QTP and DME-RS perform almost equivalently.
C. Dissociation curve of H + 2
Another challenge in quantum chemistry is to predict accurately the dissociation curve of H + 2 molecule, which is a paradigm system in quantum chemistry. Semilocal DFA failed to describe the dissociation curve properly. The fundamentally wrong prediction of dissociation curve is due to the inherent limitation of delocalization error in case of fractional occupation number. PerdewZunger self-interaction correction improves the dissociation curve as shown in ref. 47, 49, 54 . For H + 2 molecule, HF is taken to be exact one because no correlation present in the system. At R = 10Å each H atom has fractional (0.5) electron, which is beyond the limit of semilocal functional to describe accurately. The semilocal BLYP functional deviates from the exact value more as shown in Fig-(5) . B3LYP only improves moderately the dissociation curve over BLYP and predict wrong dissociation limit. Though CAM-B3LYP improves the dissociation curve, still it is almost 46 Kcal/mol less than HF. Most significant improvements are observed for rCAM-B3LYP, CAM-QTP00, CAM-QTP01, LC-BLYP and our proposed DME-RS. On the right side of Fig-(5) , we obtain the deviation of the exact energy of H atom for fractional occupation number. Here, we have plotted the energy difference computed at the integer particle numbers to that of the piecewise linear interpolation i.e.,
It is obtained that parametrized rCAM-B3LYP performed well among QTP and DME-RS. The deviation of rCAM-B3LYP, QTP-00, QTP-01 and DME-RS at q = It is also noteworthy to mention that at one particle framework, the energy of H atom should equal to the HOMO energy value. HF, which is exact in one particle framework only satisfy this condition. All other functionals seem to deviate from this exact conditions. 
D. Fraction occupation number on dissociation limit
LiF molecule seems to be a good example to discuss the influence of the fractional change during dissociation of a molecule. This example has been considered in previous work also 47, 56 . Here, we will compare our DME-RS with other range separated hybrids, hybrids and semilocal functionals. Since, IP(Li)>EA(F), it dissociates into neutral Li and F atom. It has been shown that in molecular dissociation limit DFAs show spurious behavior and deviates from the exact straight line. To test the performance and behavior of each functional we consider that during dissociation electron flows from Li to F atom, make Li→Li +q and F→F −q . Overall, one can write as Li + F → Li +q + F −q and the difference between the energy of Li +q + F −q − (Li + F ) = ∆E is the measure of the performance of the different functionals. Here, we have calculated the total energy of separate subsystem with the fractional number different from that of a neutral total system. the performance of all the functional is presented in Fig-(6) . The semilocal functionals are found to be accurately predict the total energy for the integer charge as shown for BLYP in Fig-(6) . Both q = 0 and q = 1, BLYP matches perfectly well with that of exact one. But for fractional occupation number it deviates quite largly than all other hybrid and range separated functionals. This is due to the fact that semilocal functional has an inherent problem of MESI during fractional charge particle. Semilocal functionals have a tendency to predict accurate energy at in integer particle number but not in between two integer numbers. Semilocal functionals are designed to satisfy the total energy at integer particle number. B3LYP seems to be better than BLYP because it mixes HF exchange, but still, it shows minimum nature of curve instead of the actual straight line. Now, we consider the comparison among all range separated functionals. Among all range separated functionals rCAM-B3LYP very close to the actual straight line. After CAM-QTP01 functional and DME-RS seems to be very close to the actual one. The DME-RS has slight minimum nature as shown in Fig.(6) . CAM-QTP00 match exactly at q = 0, but deviates almost 13 Kcal/mol at q = 1. CAM-B3LYP show deviation of almost 2 Kcal/mol at q = 1. Our DME-RS is very close at q = 1 than all other functionals.
E. B3LYP hybrid versus other range separated hybrid
The role of exact exchange was first proposed by Becke in the series of seminal papers 34 . The first step towards the succesful attempt to mix globally HF exchange with semilocal functional came with B3LYP hybrid, which is still all in one very good performer for the quantum chemist. B3LYP is a GGA type functional, which uses only density and gradient of density. Later, it has been realized that in spite of its grand success for thermochemistry there are few cases in which B3LYP failed to achieve accuracy. Especially, in describing the reaction barrier heights and solid state properties where fractional occupation number play important role. It has been observed that B3LYP is far from accuracy in describing reactions barriers. As a source of errors, it has been realized that semilocal functional and hybrid B3LYP deviates from the actual straight line nature of fractional occupation number. Beyond the dawn of B3LYP, the 1st range separated hybrid using the B88 exchange was proposed by Tozer et. al. 59 . Their CAM-B3LYP used HF in the long range part and B88 in short range using the range separation. It has been observed that in many cases CAM-B3LYP outperformed B3LYP without hindering accuracy of atomization energies. Interestingly, in describing H + 2 dissociation curve CAM-B3LYP is far better than B3LYP. It automatically reduces the error of reaction barriers also. Later, Cohen et. al. 48 further parametrized CAM-B3LYP by reducing the MESI error by realizing that MESI solves many problems including dissociation limit and reaction barriers. Therefore, the search for better functional than B3LYP hybrid continuous to be an active research field with promisingly new perspective. Further modifications of CAM-B3LYP was done by Ranasinghe et.al. 56 in their QTP functionals. They used Barlett IP theorem to fix the parameters related to the the range separation functionals. So long all the proposed modifications were within GGA formalism. Beyond GGA formalism, we here proposed a meta-GGA type range separated functional using recently proposed DME exchange hole by Tao-Mo 22 . The range separation parameters we used here was fixed to reduces the MAE of atomic total energies, this automatically reduces the error of atomization energies over rCAM -B3LYP and QTP functional. Though our functional is not designed to reduce the MESI, it has been observed that it is a very good performer in many cases, especially in describing reaction barriers height. The dissociation curve we obtain is much better than CAM-B3LYP. The main reason of the improvement can be explained by the inclusion of KS-KE. It is well-known fact that most advanced semilocal functional are meta-GGAs. Therefore, no doubt that using meta-GGA exchange hole also improve all the properties that are achievable using range separated hybrids.
V. CONCLUSIONS
We have performed several comprehensive testing of our KS-KE dependent DME based meta-GGA type long range corrected range separated hybrid with all B88 family based semilocal, hybrid and range separated hybrid. For comparison we choose only the B88 family functionals because they use LYP and VWN correlation. LYP correlation we used with our DME-RS functionals. We have tested our functional from thermochemical properties using Minessota 2.0 data set to all the properties related to the fractional occupation number. BLYP, LC-BLYP, B3LYP and CAM-B3LYP are functionals that have been designed to less the errors of atomization energies. It has been shown that our DME based range separated functional is a very good performer for IsoL6, PA8, HC7, barrier height and NCCE31 data set. Not only that, for properties related to the fractional occupation number our DME-RS better than B3LYP and CAM-B3LYP, though it is not designed to reduce the MESI error. Other functionals like rCAM-B3LYP is a very good performer because it is parametrized to reduces to MESI and QTP functionals are parametrized to satisfy Berlett's IP theorem. The main reason for the improvement of our DME-RS over other range separated functionals are because it is constructed using full spherical averaged normalized meta-GGA type exchange hole. The exchange hole also used generalized coordinate transformation, which makes the exchange hole localized. However, the coordinate transformation parameter has been fixed using H atom. It is designed using the balanced treatment of localized and conventional exchange hole 22 . Lastly, we conclude that our DME-RS can be further improved using the method of reduction of MESI, as proposed by Cohen et. al. 48 . Also, using meta-GGA correlation proposed by Tao et. al.
17 DME-RS can be further improved. In that case, we have to take care of the full Tao-Mo exchange hole 22 .
